NBU1 is an integrated 10.3-kbp Bacteroides element, which can excise and transfer to Bacteroides or Escherichia coli recipients, where it integrates into the recipient genome. NBU1 relies on large, >60-kbp, conjugative transposons for factors that trigger excision and for mobilization of the circular form to recipients. Previously, we showed that a single integrase gene, intN1, was necessary and sufficient for integration of NBU1 into its target site on the Bacteroides or E. coli genome. We now show that an unexpectedly large region of NBU1 is required for excision. This region includes, in addition to intN1, four open reading frames plus a large region downstream of the fourth gene, prmN1. This downstream sequence was designated XRS, for "excision-required sequence." XRS contains the oriT of the circular form of NBU1 and about two-thirds of the adjacent mobilization gene, mobN1. This is the first time an oriT, which is involved in conjugal transfer of the circular form, has been implicated in excision. Disruption of the gene immediately downstream of intN1, orf2, completely abolished excision. The next open reading frame, orf2x, was too small to be disrupted, so we still do not know whether it plays a role in the excision reaction. Deletions were made in each of two open reading frames downstream of orf2x, orf3 and prmN1. Both of these deletions abolished excision, indicating that these genes are also essential for excision. Attempts to complement various mutations in the excision region led us to realize that a portion of the excision region carrying prmN1 and part of the XRS (XRS HIII ) inhibited excision when provided in trans on a multicopy plasmid (8 to 10 copies per cell). However, a fragment carrying prmN1, XRS, and the entire mobilization gene, mobN1, did not have this effect. The smaller fragment may be interfering with excision by attracting proteins made by the intact NBU1 and thus removing them from the excision complex. Our results show clearly that excision is a complex process that involves several proteins and a cis-acting region (XRS) which includes the oriT. We suggest that this complex excision machinery may be necessary to allow NBU1 to coordinate nicking at the ends during excision and nicking at the oriT during conjugal transfer, to prevent premature nicking at the oriT before NBU1 has excised and circularized.
NBUs (nonreplicating Bacteroides units) are 10-to 12-kbp integrated elements that can be excised and mobilized in trans by tetracycline-inducible Bacteroides conjugative transposons. Two regions of NBU1, the best studied of the NBUs, have been characterized. The NBU1 integrase gene, intN1, is located near one end of the element and is transcribed away from the end. This gene and the upstream NBU1 integration region, attN1, are necessary and sufficient for integration. IntN1 is a member of the phage lambda family of site-specific integrases, although it is only distantly related to the phage lambda integrase (26) . In Bacteroides species, NBU1 integration is site specific and the primary target site contains a 14-bp sequence that is located in the 3Ј end of the Leu-tRNA gene. NBU1 also integrates in Escherichia coli, but the integration is less specific and the target site sequences have only partial identity to the Bacteroides 14-bp target site sequence (26, 27) . In both Bacteroides and E. coli, the integration of NBU1 is independent of RecA (6) .
A second region of NBU1 has been characterized previously, a 2-kbp region near the center of the element which is necessary for mobilization of the circular form. This region contains the transfer origin (oriT) and the mobN1 gene, which encodes the protein that nicks at the oriT during mobilization (15, 16) . MobN1 is a distant relative of the IncP TraI (16, 30) . Genes similar to mobN1 have also been found on the mobilizable Bacteroides transposon Tn4555, the mobilizable Bacteroides plasmids pBI143 and pIP421, and the mobilizable grampositive bacterial plasmid pMV158 (9, 30, 31, 33, 40) . All of the small Bacteroides plasmids and the 10-to 12-kbp integrated elements are mobilized not only by Bacteroides conjugative transposons but also by the IncP plasmids of the enterics (15-17, 24, 28, 30, 40, 41) . Smith and Parker (31) have located the nic site in the oriT on Tn4555. Since the DNA sequence of NBU1 is 86% identical to Tn4555 in this region, the NBU1 nic site is probably in the same place. Although NBU1 and Tn4555 have high DNA sequence identity in the oriT-mob region (78%), they appear to be quite different outside this region (16, 26, 39) .
We report here the complete sequence of NBU1 and define the region of NBU1 that is necessary for its excision and for formation of the circular transfer intermediate. This region proved to be unexpectedly large and contains six open reading frames. By contrast, phage lambda needs only its integrase and one small basic protein, Xis, for excision (1) . However, lambda does not have an oriT. The gram-positive bacterial conjugative transposon Tn916 does have an internal oriT, but the promoter for the transfer functions and the operon for the transfer genes are separated when the element is integrated. The transfer functions that nick at the oriT of Tn916 are not made until the element has excised and circularized (4) . We propose that the more complex excision system of NBU1 may be needed because the transfer functions are provided in trans by the conjugative transposons. The efficient excision of NBU1 requires the coordination of excision (nicking at the ends) with the nicking at the internal oriT, the step that initiates the transfer of the circular intermediate.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . E. coli DH5␣MCR (Gibco BRL) was used for most of the cloning and vector construction. E. coli strains S17-1 (29) and DH5␣MCR were used as host strains for the donors, and DH5␣MCR was the E. coli recipient in Bacteroides-to-E. coli matings. These strains were grown aerobically on Luria-Bertani broth or agar. The following antibiotic concentrations were used unless otherwise noted: ampicillin, 100 g/ml; chloramphenicol, 20 g/ml; and kanamycin, 50 g/ml.
The Bacteroides strains were derivatives of Bacteroides thetaiotaomicron 5482. These strains were grown in prereduced Trypticase-yeast extract-glucose broth (13) or supplemented brain heart infusion broth (6) or agar plates incubated in BBL GasPak jars. The following antibiotic concentrations were used: tetracycline for induction of NBU1 excision, 1 to 2 g/ml; chloramphenicol, 15 g/ml; a Phenotypes of E. coli strains containing the plasmids are shown in parentheses, and phenotypes of the Bacteroides strains containing the plasmids are shown outside the parentheses. erythromycin, 10 g/ml; cefoxitin, 20 g/ml; rifampin, 10 g/ml; gentamicin, 200 g/ml. Thymidine at 100 g/ml and trimethoprim at 200 g/ml were added to thymidine-requiring (Thy Ϫ ) spontaneous mutants. Bacterial conjugations. The procedures for filters matings between E. coli and Bacteroides strains have been previously described (6, 24, 41) . Mating conditions were used which favored the donor: aerobic for E. coli donors and anaerobic for Bacteroides donors. Insertional and replicative shuttle vectors were mobilized from E. coli donors either by one of the IncP plasmids, R751 or RP4, or by transfer functions of RP4 integrated in the chromosome of S17-1 (29) . The transfer functions of the conjugative transposon CTnERL were used to mobilize vectors out of Bacteroides donors to either Bacteroides or E. coli recipients.
DNA isolation and Southern blot analysis. Plasmids were isolated from E. coli and Bacteroides strains by using the Ish Horowitz modification of the alkaline lysis prodedure (21) . Total DNA was isolated by a modification of the method described by Saito and Miura (20) . Following the phenol extraction step, 0.8 volume of isopropanol was added all at once instead of gradually. After allowing at least 1 h for precipitation at room temperature, the precipitated nucleic acids were centrifuged. The pellet was washed with cold 70% ethanol, dried, and resuspended in TE (0.01M Tris, 0.001 M EDTA [pH 8]) containing 50 g of RNase per ml. The preparation contained chromosomal DNA (usually observed as a clump in the isopropanol step), plasmids, and the tetracycline-induced excised closed circular forms of NBU1.
The DNA to be analyzed by Southern blotting was digested with restriction enzymes and run on 0.8% agarose gels in Tris-acetate buffer (21) . The 1.7-kbp HincII fragment containing the joined ends of the excised circular form of NBU1 ( Fig. 1 ) was labeled and used to detect the excision of NBU1. The excised circular form of NBU1 produces a 1.7-kbp HincII fragment in addition to two chromosome-NBU1 junction bands on the Southern blots. All hybridization probes were labeled with fluorescein-dUTP by using random primers as specified in the NEN Life Sciences Renaissance kit protocol. The Southern blots were developed using a chemiluminescent substrate and exposure of film.
GUS assays of transcriptional fusions. The ␤-glucuronidase (GUS) gene (uidA) from E. coli was cloned into insertional or replicative vectors to detect transcription of the genes in NBU1. The NBU1 open reading frames (ORFs) determined from the sequencing results were checked for transcription strength by using an internal fragment cloned in the insertional vector, pCQW1 (8) , and by cloning the upstream region or possible promoter region into the replicative vector pMJF2 (8) . The assays were done as previously described (8) .
PCR analysis of NBU1 excision. PCR was used to determine if the target site of NBU1 following excision was intact or whether a copy of NBU1 remained in the site. The target was re-formed, and the PCR product was sequenced. The primers used were FT1-5Ј (TCTAAATACAGAAGCCTTTGGA) and RT1-5Ј (TCGAAAACCTTCTGGTAGTGCA), and they produced a 295-bp product. A 2-l volume of a DNA preparation from a tetracycline-induced B. thetaiotaomicron strain containing a derivative of NBU1 integrated in the chromosome and CTnERL was used as the template for the PCR. The cycling conditions were as follows: (i) 5 min at 95°C followed by addition of Taq polymerase; (ii) 25 to 30 cycles of 1 min at 94°C, 1 min at 60°C, and 2 min at 72°C; and (iii) final extension of 10 min at 72°C. The PCR products were sequenced directly following purification using the Promega PCR cleanup kit or were cloned into the Promega PCR cloning vector, p-GEM-T, for sequencing.
Cloning of the minimal region of NBU1 required for insertion and excision. The insertional vector, pNV19 (26) , which was constructed previously for use in studies to determine the minimal region of NBU1 required for integration, was used to clone additional regions of NBU1 to determine the sequences required for both integration and excision. This vector contains the mobilization region of pB8-51 that is recognized by the IncP plasmids and by CTnERL for mobilization of the vector. The pNV19::NBU1 constructs (Table 1) were mobilized from E. coli to Bacteroides recipients, and excised forms of the vector could be mobilized by CTnERL from Bacteroides to E. coli. The integration of the constructs (⍀pNV19::NBU1) into the primary target site was verified by Southern blots. The possible excision of the ⍀pNV19::NBU1 constructs was determined by tetracycline induction of the regulatory region of CTnERL followed by Southern blot or PCR analysis as described above. When the oriT-mobN1 region was shown to be included in the region required for excision, a second vector with no mobilization region recognized by Bacteroides was used and several of the NBU1 fragments were retested for excision. The vector, pGERM, is pUC19 with the RK2 oriT 782-bp HaeII fragment (L27758; bp 50590 to 51377), which allows mobilization by IncP␣ plasmids in E. coli hosts, and the ermG of CTn7853 (L42817), which provides a selectable erythromycin resistance marker in Bacteroides spp. The 7.7-kbp Sph1 fragment from pNW18 containing the NBU1 sequences was cloned into pGERM(pG-Sph18) and was shown by Southern blotting and PCR analysis to excise normally. Various deletions of the 7.7-kbp SphI fragment were made, cloned into pGERM, and used to determine the minimal region required for excision. Internal deletions of prmN1 and orf3 were also constructed and tested for their effect on excision (Table 1 ; also see Fig. 2 ).
DNA sequencing and analysis. Various regions of NBU1 were cloned into pUC19 derivatives. The DNA was sequenced at the University of Illinois Biotechnology Facility using the Applied Biosystems model 373A version 2.0.1S dye terminator sequencing system. The sequencing was completed by primer walking and by sequencing of PCR products across restriction sites. The resulting nucleotide and amino acid sequences were used to search the various databases by using Gapped Blast and Psi-Blast programs (2) . The GenBank accession numbers for the oriT-mobN1 region (15) and the attN1-intN1 (26) are L13840 and U51917, respectively. The entire NBU1 sequence has been submitted.
RESULTS AND DISCUSSION
Sequence analysis of NBU1. Previously, about 3.5 kbp of NBU1 had been sequenced. We have now completed the entire NBU1 sequence. The analysis of the sequence revealed that NBU1 is 10,276 bp in size and that it contains 12 possible ORFs ( Figs. 1 and 2 ). There were no Sau3A (GATC) sites in the entire element. The lack of GATC sites in Bacteroides sequences has been noted before and may be one of the reasons why large clones of Bacteroides DNA are difficult to maintain in E. coli hosts such as cosmid clones (23, 33 ; unpublished data). The lack of GATC sites in NBU1 suggests that NBU1 originated in Bacteroides or has been in Bacteroides spp. long enough to acquire the trait. This is consistent with the GϩC content of most of the ORFs on NBU1, which were close to the range of 40 to 43% seen in Bacteroides spp. genomes. Some exceptions were orf6, orf7, and orf8, which had lower GϩC contents and could thus have come from outside the Bacteroides spp. As will be evident from a later section, these ORFs play no role in excision or transfer. Table 2 lists the ORFs, their locations relative to the PvuII site on the circular map of NBU1, and the nearest homolog(s) in the protein databases to their deduced amino acid sequences. The most significant similarities were Orf2X, which had high amino acid sequence similarity (62%) to the C-terminal region of the proposed integrase of the mobilizable transposon Tn4555 (accession no. U75371; C. J. Smith et al., unpublished data), and PrmN1, which had significant amino Table 2 . The sites are numbered relative to the PvuII site. Y5, Y11, and Y17 are the sites where the mobilization-defective vector, pEG920, integrated into the circular form of NBU1. The excision and formation of the circular form of NBU1 are detected on Southern blots by using the 1.7-kbp HincII fragment (bp 2697 to 4359) that contains the NBU1 joined ends as the probe. XRS is the extended region between prmN1 and Y17 that is necessary in cis for the excision of NBU1.
acid similarity in its N-terminal half to the N-terminal portion of a number of bacterial DNA primases. The published sequence from the NBU1-like mobilizable transposon Tn4399 (10, 17) includes a portion of a gene that has high sequence identity to prmN1. Genes like prmN1 may prove to be common components of NBU1-type elements. It is not yet known if Tn4399 carries the entire gene, and it is not yet known if Tn4555 (31, 39) includes such a gene.
From previous studies, it is clear that PrmN1 is not required for and does not enhance the transfer of plasmids containing the NBU1 mobilization region (15, 16) . Nor does the circular form of NBU1 (Fig. 1 ) replicate in any known hosts. Thus, it is unlikely that PrmN1 is a primase. As will be evident from later sections, this protein instead plays a role in the excision process. In the oriT-mob region, NBU1 has over 78% sequence identity to the mobilizable transposon, Tn4555, and to NBU2. The oriT nic site as identified by Smith and Parker (31) is located at the end of prmN1 at bp 8385 on our map (Table 2) . We assume that this is probably the nic site on NBU1 due to its high sequence identity to Tn4555 in this region. Previous studies of the mobilization region of NBU1 had placed the oriT nic site upstream of this region of sequence identity to Tn4555 within prmN1 (16) .
Genes essential for excision. Previously we showed that the region consisting of the NBU1 closed ends (attN1) and the intN1 gene were sufficient for integration into the primary NBU1 target site but were not sufficient for excision (Fig. 1 ) (26) . IntN1 is a member of the lambda integrase family, although the amino acid similarity is relatively low and is confined to the C-terminal end. The integrases of the gram-positive bacterial conjugative transposons Tn916 and Tn5276 are also members of the lambda integrase family (18, 38) . Like lambda, both Tn916 and Tn5276 have a small gene downstream of the integrase gene that has characteristics similar to those of lambda Xis, a protein essential for excision of phage lambda from the chromosome. The function of the cognate gene on Tn916 has been shown in in vitro assays to facilitate the excision of Tn916 (19) . Accordingly, we expected a similar int-xis gene organization on NBU1. This proved not to be the case.
To obtain clones of a larger region of NBU1 in a plasmid that replicated in E. coli and could be transferred to Bacteroides but did not replicate in Bacteroides strains, we took advantage of some cointegrates of NBU1 and a plasmid, pEG920, that we had isolated inadvertently in connection with another study (pY5, pY11, and pY17 [25, 28] ). In all of the NBU1::pEG920 hybrids, exactly the same sequence of pEG920 was involved in the insertion but the insertions had occurred at different sites on NBU1 (Fig. 1) . We used these hybrids to help determine which genes were necessary for excision, for three reasons. First, the integrated pEG920 sequences provided convenient cloning sites. Second, by deleting the portion of pEG920 that contained the Bacteroides replication origin, pB8-51, to create pY5D and pY11D, we produced insertional vectors with disruptions in NBU1 genes. Third, since the insertions of pEG920 into NBU1 occurred by a process that did not create direct repeats at the ends of the insertion, the pEG920 insertions at Y5 and Y11 were nonrevertible disruptions. pY5D and pY11D integrated into the Bacteroides chromosome via the ends of NBU1. pY5D and pY11D contained NBU1 with pEG920 inserted in orf3 and prmN1, respectively (Fig. 1) . pY17D could not be mobilized by IncP plasmids, and in orf3, pY11D in prmN1, and pY17 in mobN1, are indicated. The insertion sites and orientations of the uidA reporter vector, pCQW1, are indicated by the arrows above the map. The insertions were tested for their effect on the excision of NBU1 and the level of transcription of the ORFs as measured by the production of GUS from the pCQW1 insertions. Excision was determined by the detection of the NBU1 joined ends on Southern blots, and the results are expressed relative to the intensity observed for wild-type NBU1: wild excision (ϩϩ) and weak but detectable excision (ϩ/Ϫ). Transcription levels of the various pCQW insertions are relative to the GUS activity for the insertion in intN1: 7 U/mg of protein (ϩϩ) and Ͻ0.2 U/mg of protein (Ϫ). Transcription could not be measured for the pY5D and pY11D insertions (not applicable [na] ). The subcloned region of NBU1 required for both integration and excision on pNW18 and subcloned on a 7.7-kbp SphI fragment into pGERM, pG-Sph18, is indicated below the map. None of the ORFs between PvuII and attN-L are required for either integration or for excision. Other NBU1 subclones of the 7.7-kbp SphI fragment in pGERM used to determine the region required for excision are also shown: SphI-AvaI, Sph-HindIII, and pG-Sph18 with deletions in prmN1 (⌬prm, pG-Sph18⌬prm) and orf3 (⌬orf3, pG-Sph18⌬orf3). The 220-bp oriT, required in cis for mobilization, is also part of the XRS between prmN1 and Y17 that is required in cis for NBU1 excision. The excision (ϩ) or lack of excision (Ϫ) of each subclone is shown to the right. this was determined to be due to the pEG920 insertion site being in the C-terminal end of mobN1 (15) .
At first, the phenotype of these pY5D and pY11D disruptions was confusing because although both disruptions decreased excision, they did not eliminate it completely (Fig. 1)  (28) . Since the N-terminal portion of these genes might be sufficient for excision, we also constructed deletions in each of these genes (Table 1 ; Fig. 2 ). To avoid possible polarity effects, we made an in-frame deletion in orf3. Both deletions eliminated most of the gene, and both abolished excision completely. Thus, orf3 and prmN1 are essential for excision. Moreover, the partial-excision phenotype of the disruption mutants suggests that the N-terminal portion of the proteins encoded by these genes is important for their function. A single-crossover disruption in orf2 completely abolished excision (Fig. 1) . This disruption might have had a polar effect on expression of orf3, which is essential for excision, but this seems unlikely in view of the size of the region between these two genes (170 bp) ( Table 2 ). We attempted to construct an in-frame deletion in orf2 to be certain of this, but the deletion clone was so unstable in E. coli that the construct could not be introduced into Bacteroides.
Minimum region required for NBU1 excision.
To determine whether any DNA other than intN1, orf2, orf3, and prmN1 was required for excision, subcloning was used to determine the minimum size of an excision-proficient element. A 9.3-kbp region of NBU1 was cloned to produce pNW17 (Table 1) . pNW17 replicates in E. coli but not in Bacteroides spp. and can be mobilized by both IncP plasmids and Bacteroides conjugative transposons (CTns). pNW17 was transferred into B. thetaiotaomicron BT4104, where it integrated into the primary target site of NBU1 via the ends of NBU1 to produce BT4104⍀pNW17. When BT4104⍀pNW17, which contained a copy of CTnERL as well as integrated pNW17, was grown in the presence of tetracycline, ⍀pNW17 excised at levels similar to that seen for wild-type NBU1. Since excised pNW17 could be mobilized back to E. coli by CTnERL, the level of excision could be semiquantitated by a mating-out assay. The excision and transfer of ⍀pNW17 to E. coli and Bacteroides recipients occurred at frequencies of 10 Ϫ5 to 10 Ϫ6 per recipient, frequencies similar to that estimated previously for wild-type NBU1 (6, 28) . The excision of ⍀pNW17 could also be demonstrated directly by Southern blot analysis using a probe containing the joined ends of the circular-form NBU1 similar to that seen in Fig. 1 . b Number of amino acids in the translated ORF with the first possible start codon. c Smallest region tested that could integrate when integrase was provided in trans (27) . d Region determined by Li et al. (15) and nick site determined for Tn4555 (31) . Fig. 3B below. The fact that the joined ends of NBU1 could be detected in the circular form also confirmed that ⍀pNW17 was excising like NBU1. This was further confirmed by the DNA sequence of the PCR amplified product of the joined ends. Using the mating-out assay, we found that the excision and transfer frequencies of both ⍀pY5D and ⍀pY11D (Fig. 2 ) from BT4104 to E. coli recipients were 50-to 100-fold lower than that observed for ⍀pNW17, which correlated to the decreased excision observed by Southern blot analysis. When the 1.7-kbp region between PvuII and SphI was deleted from pNW17 to produce pNW18 (Table 1) , there was no reduction in the excision of the construct (data not shown). Thus, orf6 to orf8 were not required for excision. A further SphI-to-ScaI deletion (1.1 kbp) of pNW18 (pNW18ScaI), which removed part of orf Ϫ2, also did not affect excision as measured by Southern blotting. However, this deletion destabilized the plasmid in E. coli, making it difficult to quantitate the level of excision. Because of its instability, this construct was not used in further experiments. The SphI-AvaI (6.8-kbp) and SphI-HindIII (7.4-kbp) fragments of NBU1 in pY17D were first cloned into pNV19 and later cloned into pGERM (Table 1 ) and mobilized into B. thetaiotaomicron BT4104. In BT4104, all of these constructs integrated site specifically into the chromosome via the ends of NBU1. None of these integrated constructs excised (Fig. 2) . Thus, the minimal region required for NBU1 excision includes attN1, intN1, orf2, orf2x, orf3, prmN1, the oriT, and about two-thirds of the coding region of mobN1 to the Y17 site. Since deleting into the oriT abolished excision, the region downstream of prmN1 must have some essential cis function. Accordingly, this region has been designated the excision-required sequence (XRS). At this point we cannot rule out the possibility that a partially functional MobN1 is being produced from the truncated mobN1 gene and that it is one of the factors required for excision.
Attempt to detect transcription of orf2, orf3, and prmN1. In an attempt to detect transcription of the ORFs downstream of intN1, disruptions were made in each of the ORFs in this region by using pCQW1 (Table 1 ) (6), a suicide vector that has the promoterless E. coli GUS uidA gene downstream of the cloning site. The results are summarized in Figure 2 . Although expression of intN1 was easily detectable, no GUS activity was detected in any of the other fusions. In our experience, GUS is not a very sensitive indicator of gene expression, and so expression could well have been below the level of detection. Clearly, however, if the intN1 promoter is running downstream genes, there is a significant shutdown of transcripts after the end of intN1. An interesting feature of the pCQW1 insertion in the middle of the prmN1 (made with a 377-bp internal fragment, bp 7712 to 8089) was that this disruption mutant excised as efficiently as the wild type. This disruption cut about 300 bp off the 3Ј end of the gene. This is further evidence that the N-terminal part of PrmN1 is responsible for most or all of its activity. Another conclusion from this experiment is that prmN1 does not have to be immediately adjacent to the oriT in order to function, because inserting a large (7.8-kbp) DNA segment in this region can be done without impairing excision.
We also tried cloning the regions upstream of each of the ORFs in the GUS fusion vector, pMJF2, which replicates in Bacteroides spp. and which has a copy number of about 8 to 10 per cell (8) . No transcription was detected from any of these constructs in any of the B. thetaiotaomicron hosts tested. The host strains used included strains containing or lacking a copy of CTnERL or an intact NBU1 in the chromosome.
Excision is conservative and restores the integration site. Although evidence cited in previous sections suggested that PrmN1 was not functioning as a DNA primase, there was one remaining possible role for a primase. Previously, on the basis of Southern blot analysis, we assumed that excision was a conservative rather than a replicative process, which completely removed the NBU1 from its integration site and restored the integration site. This assumption had not, however, been tested directly. To test it, PCR primers were used to amplify the integration site after NBU1 had been induced to excise by exposing the cells to tetracycline. When wild-type NBU1, ⍀pNW17, ⍀pNW18, and ⍀pG-Sph18 were induced for excision, PCR products of the regenerated target sites were observed (data not shown). The sequences of these target site PCR products were identical to the sequence of the site before NBU1 integrated. Thus, excision is conservative rather than replicative and restores the integration site. Taken together with other evidence, this suggests strongly that PrmN1 is not functioning as a primase.
Some segments of NBU1 inhibit excision. Attempts to complement some of the insertion and deletion mutants were unsuccessful. That is, no excision was detected when the cloned region was provided in trans. It was possible that the apparent failure to complement mutations in NBU1, especially the clones that contained the region downstream of intN1, resulted from inhibition of NBU1 excision due to the presence of the cloned regions in multiple copies. DNA sequences that bind regulatory proteins or other factors made in limiting concentrations in the cell can titrate such factors when cloned on multicopy vectors. This was observed for regulated promoter regions in the starch utilization operon of B. thetaiotaomicron 5482 (7). Overproduction of gene products could also interfere with carefully regulated operations, for example factors necessary for the excision of NBU1, by changing the stoichiometry of the excision complex. Several of the pNLY1, pLYL05, and pLYL7 vectors (Table 1) containing cloned regions of NBU1 were tested for their effect on the excision of a wild-type NBU1 in BT4104N1-3 (Fig. 3) . Fragments 1 (4.5-kbp HindIII fragment, bp 4502 to 9056) and 5 (2-kbp fragment, SstI on pY5D to HindIII bp 9056) completely inhibited the excision of wildtype NBU1. Fragment 5 was separated into two overlapping clones: fragment 6, containing prmN1-oriT (SstI pY5D to AvaI), and fragment 7, containing XRS HIII (HindIII of pY11D to HindIII bp 9056). Neither fragment 6 nor fragment 7 had any effect on the excision of NBU1 (Fig. 3B, lanes 6 and 7) . Thus, PrmN1 plus the XRS HIII were required for the inhibition of excision observed with fragment 5. Fragment 4 (mobN1-XRS) reduced excision by about 70% but did not entirely eliminate it (lane 4a). A deletion of the oriT portion of XRS on fragment 4, leaving the XRS through mobN1 region from AvaI to PvuII, no longer reduced the NBU1 excision (data not shown). This suggests that interaction of MobN1 with the oriT part of XRS was involved in the partial inhibition of excision by fragment 4. Fragment 3 contained all three of the regions, prmN1-XRS-mobN1, on pLYL7 (15) ( Table 1 ), but this clone did not reduce excision like fragment 4 and did not inhibit excision like fragment 5. Thus, the inclusion of mobN1 on fragment 3 prevented the inhibition of NBU1 excision observed with fragment 5. Functions on CTn that must interact with MobN1 and oriT for transfer of the circular intermediate are probably not required for excision. However, the interactions of CTn functions with MobN1 and/or oriT may be contributing to the differences observed between fragment 3 and fragment 5 on NBU1 excision.
We had established previously that two putative regulatory proteins provided by the conjugative transposons RteA and RteB were essential for NBU1 excision (34) (35) (36) . We had also noted that providing these proteins in trans seemed to enhance transfer of the conjugative transposon, indicating that the concentration of RteA and RteB was limiting. Accordingly, we introduced pAMS9, a plasmid that carries rteA, rteB, and a third possible regulatory gene, rteC, which has no apparent effect on NBU1 excision (34) , into the strains carrying CTn-ERL, NBU1, and vectors containing fragment 4 or 5. pAMS9 restored the decreased excision seen in the strain carrying fragment 4 (XRS-mobN1) to wild-type levels (Fig. 3B, lanes 4) but relieved the suppression of NBU1 excision by fragment 5 (prmN1-XRSHIII) only slightly ( Figure 3B, lanes 5) . Thus, the effect of having multiple copies of prmN1-XRSHIII in trans is more likely to be due to some interaction between PrmN1 and either DNA sequences or proteins encoded on NBU1 than to an interaction with proteins provided by the conjugative transposon.
In all of these experiments, the Bacteroides host strain contained a copy of the conjugative transposon, CTnERL. This conjugative transposon was needed to provide in trans functions to trigger NBU1 excision. CTnERL is about 70 kbp in size and could thus contain a number of genes that influence excision. To create a simpler system for triggering NBU1 excision, we replaced the conjugative transposon with pAMS9 to determine if the regulatory region containing rteA and rteB was sufficient to induce NBU1 excision (34, 35) . pAMS9 was transferred to the B. thetaiotaomicron strain BT4100S1N1, which contained a copy of NBU1 in the chromosome but no copy of the conjugative transposon. When this strain was exposed to tetracycline to allow expression of rteA and rteB on pAMS9, the circular form of NBU1 was detectable at the wild-type levels as seen in Fig. 3B . Thus, the rteA-rteB region is sufficient to trigger NBU1 excision. We then introduced pLYL7::fragment 3 into BT4100N1-S1(pAMS9). In this strain, NBU1 excision was completely inhibited, whereas in BT4104N1-3 which contained CTnERL, excision of NBU1 was not affected by pLYL7:: fragment 3. Thus, although rteA and rteB appeared at first to be the only CTn genes involved in NBU1 excision, there is at least one other trans-acting function on CTnERL that prevents inhibition of excision by fragment 3, which encodes MobN1, but has no effect on fragment 5. This is the first indication that proteins other than RteA and RteB encoded by the CTn might be interacting with the NBU1 excision complex.
Preliminary model for CTn-regulated NBU1 excision and transfer. A model that accounts for all of the data provided here is shown in Fig. 4 . The basic premise of the model is that for efficient transfer of an intact NBU1 to a recipient, it is important that the MobN1 is prevented from nicking at the internal oriT prior to the completion of the excision and circularization of NBU1. If nicking at the oriT and strand transfer begins before excision is completed, the element could function like an F-mediated Hfr and only part of the element would be transferred. Conversely, after the circular intermediate has been formed, it is equally important that the oriT then become available for interaction with the MobN1 so that transfer functions furnished by the conjugative transposon can interact with the MobN1-oriT complex for conjugal transfer of the element. The model in Fig. 4A posits that the NBU1 monitors its excision status by the protein-protein complex that forms on the integrated form and on the circular form. The protein complex that forms on the integrated NBU1 both excises the element and blocks oriT until excision is complete. Once the NBU1 has circularized, the protein complex disassociates so that no nicking occurs at the joined ends of the circular form and nicking by Mob can occur at oriT.
At this time, we do not know what gene products are required for the nicking and rejoining of DNA strands at attN-R and attN-L. IntN1 is a member of the lambda integrase family and is probably a component of the excision complex. The orf2 product was required for excision, but it is not a small basic protein like the excision enhancer proteins (Xis) of known lambda-type systems or of conjugative transposons such as Tn916 and Tn5276 (18, 19, 38) or the integrative Streptomyces plasmids pSAM2 and SLP1 (3, 22) . Figure 4B explains how providing the prmN1-oriT segment of the excision region in multiple copies might block excision. If multiple copies of this complex are present on coresident plasmids, they could prevent the ends from coming together by binding separately to the junction complexes. If excision re- FIG. 3 . Effects of fragments cloned in trans on NBU1 excision. Regions of NBU1 (A) were cloned onto shuttle vectors and transferred into Bacteroides strain BT4104N1-3, which contained the conjugative transposon, CTn-ERL, and an integrated copy of NBU1. The effect of the cloned fragments on the excision of the wild-type copy of NBU1 was determined by Southern blotting (B) and indicated as Yes for excision and No for no excision at the right. (B) Southern blot of the HincII-digested DNA preparations of the strains containing the various cloned fragments shown in panel A. Wild-type NBU1 excision is shown in the strain that contained vector with no insert (None). The probe was the 1.7-kbp HincII fragment of NBU1 containing the joined ends (Fig. 1) . Excision of NBU1 was observed as the appearance of the 1.7-kbp HincII fragment containing the joined ends of the NBU1 circular form, indicated by the arrow. The positions of the attN-L and attN-R junctions are indicated. The HindIII size standards of lambda are in the left lane (stds). No excision was detected without induction of the CTnERL regulatory operon containing rteA and rteB by growth of the strains in tetracycline (Tc ϩ versus Tc Ϫ). The effect of additional RteA and RteB provided by the coresident plasmid, pAMS9, is shown for fragments 4 and 5 in lanes 4b and 5b, respectively. Note that fragment 3 allowed NBU1 excision in BT4104N1-3 at wild-type levels but later experiments showed that it completely inhibited NBU1 excision like fragment 5 if only the regulatory region of the CTn was present in strain BT4100N1-S1(pAMS9).
quires one PrmN1-XRS complex interacting with two IntN1-attN junction complexes, the plasmid copies of PrmN1-XRS would interfere with the stoichiometry of the required excision complex. The excision inhibition caused by multiple copies of PrmN1-XRS supports both a sequential model for the three looped excision complex shown in Fig. 4A and a model where the ends come together first and then interact with PrmN1-XRS. However, at this point we favor the model shown in Fig.  4A , with PrmN1-XRS facilitating the proper alignment of the three complexes. The requirement for the XRS sequence in cis for excision resembles the requirement for enhancer sequences for the excision of Mu (14, 37) , and the Hin (11, 12) and Gin (14) invertase systems but appears to be more complicated. The Mu enhancer region does not function in trans for excision in vivo, but it could do so in the in vitro assays. The Mu enhancer is important only for the complex formation, not for the excision (37) .
Although the precise details of how NBU1 excision works have not yet been resolved, it is clear from the data presented here that excision is more complex than any excision process previously studied. This could be due to the need for NBU1 to control nicking at the ends and at the oriT so that they do not occur simultaneously. This is a problem that other excising elements such as Mu, Hin, and Gin do not have, since they are not transferred by conjugation following excision. It will be interesting to learn whether the conjugative transposons, such as CTnERL, which should have the same coordination problem, also have similarly complex excision systems.
